We have reconstructed the Oligocene to Middle Miocene paleobathymetry and stratigraphy of the New Jersey margin using a modified backstripping technique. By analyzing the geometry of the margin through time, we investigate its response to fluctuating sea level, changing climate, and variable sediment supply during the Tertiary. The reconstructions reveal a change in the margin morphology from a more steeply dipping (1 : 300 to 1 : 500) carbonate ramp in the Eocene to a flatter shelf with a sharp shelf edge at present. This was accomplished by an increase in the terrigenous sediment supply that filled available accommodation and caused progradation across the margin. We link the increase in sediment flux with climatic cooling rather than tectonic processes. The progradation is evidenced by a series of clinoforms whose formation was modulated by sea level and which extend over 100 km across the shelf. The height and dip of the clinoforms increased as they extended onto the deeper parts of the earlier ramp. The Miocene clinoform rollovers at the New Jersey margin had water depths of ¾60-130 m and are interpreted as the edge of a new continental shelf built over the older ramp. Sea-level fall was probably insufficient to drive the Miocene shorelines past the shelf breaks. Thus, measurements of sea-level amplitude based upon 'coastal' onlap over the clinoforms are not reliable.
Introduction
The Neogene stratigraphy of the New Jersey continental margin is characterized by a series of forestepping sequences with well developed clinoforms. The clinoforms extend across the New Jersey margin for over 100 km and have been well imaged through several generations of seismic-reflection profiling (e.g., Schlee, 1981; Poag, 1985; Greenlee and Moore, 1988; Miller and Mountain, 1994; Austin et al., 1996) . The Oligocene to Pleistocene margin a focus of numerous studies investigating sequence formation and sea-level change.
The depositional sequences across the New Jersey margin have been identified and mapped by a number of authors (e.g., Poag and Schlee, 1984; Poag, 1985; Greenlee et al., 1992; Miller and Mountain, 1994) . Greenlee and Moore (1988) and Greenlee et al. (1992) used multichannel seismic data and commercial boreholes to identify Oligocene and Miocene sequences across the New Jersey margin. They attempted to refine the Haq et al. (1987 Haq et al. ( , 1988 sea-level curve using the New Jersey record. In 1990, the R=V Maurice Ewing (cruise 9009) col- Olsson et al. (1988) , which were used to construct the profile for the reconstructions. Also shown are the existing (dots), and proposed (circles) ODP boreholes, industry wells (plus-signs) on the shelf and slope, and previous DSDP holes on the slope and rise (stars). Sites 1071-1073 were drilled in 1997 during Leg 174A. The inset in the lower left shows the positions of clinoform rollovers along the grid. The m1 surface shows two rollovers in different parts of the grid. lected 3750 km of single-channel and multichannel seismic lines over the New Jersey margin (Fig. 1) . This grid became the basis for drilling on the upper continental slope during the Ocean Drilling Program (ODP) Leg 150 Mountain et al., 1996b) . Complementary drilling on land by Leg 150X provided updip sampling of the Oligocene-Miocene sequences. In 1995, the R=V Oceanus augmented the seismic data sets by collecting high-resolution multichannel seismic data, including detailed hazard surveys around proposed drilling sites. During 1997, ODP Leg 174A drilled into the sequences on the shelf . Additional drilling on land is designated Leg 174AX. Together, these data make the New Jersey margin one of the best-sampled locations to investigate the interplay of sedimentation, sea level and climate in a siliciclastic setting.
Despite all of these efforts, the water depth and lithofacies of the Miocene sequences remain poorly known. Whether sea-level fall caused subaerial exposure of the tops of the clinoforms, or they remained submerged with the shoreline never reaching the clinoform rollover (i.e., boundary between topset and foreset strata) is a matter of controversy. The correct interpretation has significant implications for how sequence boundaries develop. Most interpretations of this margin simply assume that the shoreline was located near the clinoform rollover. Numerical models of strata on the New Jersey margin (e.g., Lawrence et al., 1990; Schroeder and Greenlee, 1993; Spinelli et al., 1998) similarly assume that the shoreline coincided with the clinoform rollover. The sea-level estimates of Greenlee and Moore (1988) and Greenlee et al. (1992) assume that sea-level falls exposed the shelf and that some of the onlap onto clinoforms was coastal onlap. Indeed, type 1 sequence boundaries, such as those imaged on New Jersey, are generally assumed to expose the entire continental shelf (Posamentier et al., 1988; Van Wagoner et al., 1990) . However, this assertion is questionable (Steckler et al., 1993; Fulthorpe and Austin, 1998) . Vail et al. (1991) acknowledged that the offlap break at the clinoform rollover and the shoreface are distinct morphologic features. Nonetheless, many workers use the interpretation of coastal onlap onto the clinoform fronts to estimate the amplitude of sea-level cycles. Measurement of the amplitude for sea-level fall and subsequent rise is critically dependent on whether lowstand onlap is truly coastal or deeper marine. Therefore, determination of water depth at the clinoform edge is critical to sequence stratigraphic theory.
Whereas the Oligocene to Recent sequences are characterized by distinct clinoform morphology, the underlying Cretaceous to Eocene strata are flatlying, with little distinctive geometry beneath the continental shelf. This contrasting geometry may be due to many causes (e.g., drainage, aridity, overall climate, shelf wave and current regime, etc.). The Eocene strata are composed predominantly of carbonate, while the younger strata are siliciclastic . Reconstructions of the margin off southern New Jersey suggest that the Eocene shelf was relatively deep (Steckler et al., 1993) . The margin was starved of clastic sediments until the Late Oligocene, when coarse siliciclastic input began (Miller et al., 1997) . Increasing sedimentation rates (Poag and Sevon, 1989; Mountain et al., 1994) led to progradation. The change in sediment supply has been attributed to increased continental erosion from tectonic uplift (Poag and Sevon, 1989; Pazzaglia, 1993; Pazzaglia and Brandon, 1994) , lowered base level from long-term sea-level fall and climate change (Steckler et al., 1995) .
Hypotheses for the Tertiary evolution of the New Jersey margin must be tempered by the knowledge that the present geometry of preserved strata differs from its depositional morphology, due to deformation by subsidence, compaction, sediment loading and tectonics. Nor does sequence geometry necessarily provide a good measure of facies and paleobathymetry. One approach to addressing these problems is to use backstripping techniques for reconstruction of past bathymetry and stratigraphy (Steckler et al., 1988 (Steckler et al., , 1993 . This paper is part of the ONR STRATAFORM program, designed to understand the formation of strata on margins (Nittrouer and Kravitz, 1995; , and we use the Ewing 9009 data to develop a more detailed restoration of the Tertiary evolution of the New Jersey margin.
The backstripping approach can be used to remove sediments layer by layer, and thereby reconstruct the morphology of ancient surfaces and the geometry of the underlying strata. In this manner, the past shapes and gradients of the continental shelf, and the shape and height of clinoforms on the New Jersey margin can be estimated. Similarly, the depth of the clinoform rollover and its position relative to the shoreline can be evaluated. Detailed reconstruction of the margin allows us to examine the geometry of the sequences and bounding surfaces as they appeared, rather than as they are preserved. The New Jersey margin developed under the combined influence of fluctuating sea level, changing climate, and variable sediment supply. By reconstructing the past morphology of the margin, we gain insight into how these processes shaped the margin during the Tertiary.
Database for the New Jersey margin
The primary data set used to define the sequences on the New Jersey margin for this study is the grid of seismic profiles collected on the R=V Maurice Ewing 9009 cruise during November 1990 (Fig. 1) . The 60-fold MCS data were collected with a tuned array of six airguns having a total volume of 1350 cu. in., towed at a depth of 6 m and recorded using a 120-channel streamer with 12.5-m group spacings and 1-ms sampling rates. This provided a higher-resolution data set than was available in existing academic and industry MCS lines. Interpretation of these data has nearly doubled the number of Oligocene-Miocene sequences that could be identified (compared with previous commercial data; e.g., Greenlee et al., 1992) . The system also has enabled the tracing of shelf sequences onto the upper continental slope, where they were sampled by ODP Leg 150 drilling. The clinoform geometry could be better mapped spatially and it shows a generally twodimensional advance of the clinoforms across the shelf (Fig. 1, inset) (Poulsen et al., 1996; Fulthorpe and Austin, 1998; Spinelli et al., 1998) . For this study, we have used line 1003 in the center of the grid ( Figs. 1 and 2 ). This line was the original focus of the Mid-Atlantic Transect (MAT) and contained ten of the proposed drill sites. It is also the line that extends closest to shore, decreasing the gap to the wells on land. Unfortunately, the quality of this profile degrades near the shelf edge (Fig. 2) , due presumably to gas in the upper several hundred meters beneath the seafloor. Therefore, the reconstructions in the present study extend only to a position 19 km landward of the present shelf edge.
Age control for the sequence boundaries identified on the seismic section was provided by ties to ODP Leg 150 on the continental slope (Fig. 3) . ODP Leg-150 sites were located on lines 1005 and 1027 of the Ewing 9009 seismic grid. Synthetic seismograms have been used to tie the reflections to the boreholes (Lorenzo and Hesselbo, 1996) where they have been dated Mountain et al., 1996b; Miller et al., 1996) . These correlations have been traced to line 1003 and the rest of the Ewing 9009 seismic grid. The age control is summarized in Miller et al. (1998) .
More sequences were identified on the seismic grid than have been firmly tied to the ODP drill sites on the slope; their ages were interpolated and are approximate (Fig. 4) . Most of these sequences are in the younger part of the section. When all of the identified sequences are considered, a shift in the frequency of sequence boundaries is apparent. The older sequences have an average duration of ¾1-2 m.y., and this decreases in the younger sequences to <0.5 m.y. The switch between these two periods occurs at ¾14 Ma, coincident with a major shift in δ 18 O towards heavier values and a large increase in Antarctic ice (Miller et al., 1991) (Fig. 3) .
Line 1003 was converted to depth using semblance velocities. The accuracy of the conversion was checked by comparing the estimated depths of sequence boundaries to the depths observed on the Shell 632-1 well, which lies over the Great Stone Dome near km 173 on the line. Three sequence boundaries in the lower part of the section that could be positively identified on both the seismic data and well logs (o1, m5 and m4) agreed to within 12 m. This well also provided lithologic information from the middle of the continental shelf, complementing the data from land and from the upper slope. Sixteen surfaces from the Middle Miocene to the K=T boundary on line 1003 were digitized and the depths to each surface were interpolated along track at a 250-m spacing (Figs. 2 and 4).
For the part of the profile on land (Fig. 4) , we used the dip section of Olsson et al. (1988) from Trenton to Island Beach. Depths at the Island Beach site were revised to agree with the new Island Beach borehole drilled as part of the New Jersey Coastal Plain Drilling Project . The basal unconformity for the Miocene sequences in Island Beach shows Kw1a overlying Upper Oligocene O6 sediments (Fig. 4) . The absence of Kw0 in Island Beach is in agreement with the coalescence of surfaces m6 and m5.6 that bound this interval at the landward end of line 1003. The youngest preserved Miocene unit at Island Beach is the Wildwood Member of the Kirkwood Formation, interpreted as Kw2a by . The equivalent interval, between surfaces m5 and m5.2, pinches out on line 1003. Therefore, we have reinterpreted this interval as Kw2b, correlating to the interval between m4 and m5 instead; this may be true because the differentiation of Kw2a from Kw2b at Island Beach is based Fig. 2 . Highly compressed depth-converted image of Ew9009 line 1003 (above) and line drawing of the interpreted surfaces (below). The outer part of line 1003 was not interpreted due to the poor quality resulting from gas in the sediments. Note the well-developed prograding sequences that cross most of the shelf above 1 s of two-way travel time. The arched sediments in the middle of the profile below 1.25 s overlie the Great Stone Dome. Fig. 3 . Correlation of Oligocene to Middle Miocene surfaces on the New Jersey margin with a summary of drilled offshore and onshore sequences and a stacked benthic foraminiferal δ 18 O record. o1 to m1 are surfaces mapped on the shelf and correlated to the ODP Leg 150 boreholes. Solid and dashed lines indicate the age estimates at sites 903 and 904. Sediments in offshore and onshore wells are indicated by dark boxes; white areas in between are hiatuses. The δ 18 O is a stacked record of Cibicidoides spp. from several sites that has been smoothed to remove all periods shorter than ¾1 m.y. Oi1 to Mi6 are δ 18 O maxima; light lines indicate inflections in the δ 18 O records. Time scale is that of Berggren et al. (1995) . The right-hand side shows the increase in sediment supply through time that is recorded by the cross-section (Fig. 4) .
entirely on the presence of Rhaphinodiscus marylandicus, a marker for lower-mid East Coast Diatom Zone 2 (¾Kw2a) . We correlate the intervening sequence boundaries, found at the top and bottom of the Shiloh Member in Island Beach, to m5.2 and m5.4 on line 1003. Because only undifferentiated Miocene Kirkwood Formation is shown on the published land section (Olsson et al., 1988) , we interpolated the position of these two surfaces within the Coastal Plain. The uncertainties in the positions of the sequence boundaries in the Coastal Plain and in the correlations amount to a few tens of meters. This leads to uncertainties much smaller than those in the Early Miocene reconstructions.
Continental-margin reconstruction
We have used a modification of the backstripping technique to reconstruct the geometry of the continental margin through time. Backstripping is generally used to estimate tectonic subsidence by account- ing for and removing the effects of other causes of subsidence, such as loading due to the sedimentary column. However, where the tectonic subsidence can be estimated, as is the case for New Jersey, the backstripping approach can instead be used to calculate the paleobathymetry and reconstruct the stratigraphy through time (Steckler et al., 1988) . This is similar to the backtracking of sediments on oceanic crust in the deep sea (Berger and Winterer, 1971) .
The process of reconstructing the development of a continental margin consists of a number steps (Fig. 5) (Steckler et al., 1993) . Essentially, we accounted for the processes that cause subsidence or deformation of the stratigraphic section and sequentially removed them. First, we removed all of the sediments above the horizon of interest. We then calculated the weight of sediment corresponding to the removed layers, and flexurally unloaded the remaining layers. The value for flexural rigidity at continental margins has been controversial (Watts, 1988; Fowler and McKenzie, 1989; Karner, 1991; Kooi et al., 1992) . To estimate its value at the New Jersey margin, we used a new parameterization that accounted for the influence of large variations in sediment and crustal thickness at the margin, as well as other factors (Lavier and Steckler, 1997) . This model predicts that the Miocene elastic thickness at the New Jersey margin varies between 23 and 30 km (Fig. 4) . We used this variable elastic thickness to compute the isostatic rebound of the underlying layers.
Next, we corrected the sedimentary layers below the horizon of interest for the compaction that occurred since the time of the reconstruction. For decompaction, we used an exponential decrease in porosity with depth for each lithology (Sclater and Christie, 1980) . We assigned each layer (down to basement) a mixture of sediment types based on results from the wells drilled in the region during ODP Legs 150 and 150X and during hydrocarbon exploration. The layers were then decompacted to their earlier porosities and their depths adjusted.
Then, the thermal subsidence that occurred since the deposition was removed. In an old margin such as the U.S. Atlantic margin, the observed tectonic subsidence during the Tertiary follows a smooth exponential whose shape is insensitive to the details of the rifting history, including the extent of volcanic construction. The sedimentary and lithospheric structure has been determined by seismic reflection, seismic refraction and gravity data (Sheridan et al., 1988; Grow et al., 1988; Diebold et al., 1988; Holbrook and Keleman, 1993; Klitgord et al., 1994) . Based on these data and deep borehole data, the overall tectonic subsidence of this margin has been estimated by several authors (Watts and Thorne, 1984; Steckler et al., 1988; Keen and Beaumont, 1990) . We calculated the thermal subsidence for the interval between the Oligocene and the present, using a two-dimensional thermal model for the New Jersey margin similar to that of Steckler et al. (1988) .
Finally, the profile was adjusted for the sea-level change since the time of the reconstruction. This consisted of changing both the reference level for the profile, and of loading=unloading by the thickness of water. The water loading was removed using the same flexural routines as for removal of the sediment load. We used the long-term estimates of Kominz (1984) for the sea-level history. This curve does not include high-frequency glacioeustatic fluctuation. A different sea-level curve would have produced primarily vertical shifts of the paleodepths for the entire reconstruction. The final result is a reconstruction of the paleobathymetry and the geometry of underlying horizons across the continental margin at the sequential time intervals of the reconstruction.
Uncertainties in the reconstructions were assessed by varying the flexure and compaction parameters used for the reconstruction. Compaction errors arise from uncertainties in the lithology and the compaction coefficients of those lithologies. The errors scale with the thicknesses of sediments removed. Thus, the largest errors occur at the seaward end of the profile and they decrease landward. Uncertainties of 25% in the compaction parameters could produce errors of up to 65 m for the 1300-m-thick section on the seaward part of the line. The clinoform edges vary from 300 to 500 m below the seafloor; errors for these depths are only 5-15 m. Experiments varying the lithologies of the layers fell within these ranges. Uncertainties from varying the flexural rigidity distribution are up to ¾100 m for the deepest reflectors on the seaward part of the line. They decrease for younger surfaces and taper to zero at the landward end of the profile. Because the older, deeper surfaces are also associated with more landward rollovers, the uncertainties for the clinoform rollover depths remain fairly constant at ¾30 m. Flexural unloading produces a smooth isostatic response; thus it primarily affects the clinoform depth. The compaction depends upon the local overburden removed; thus it influences the height of the reconstructed clinoforms.
Results
We reconstructed a series of fifteen time intervals from the Oligocene to the Middle Miocene. The reconstructions extend from the Fall Line (the landward pinchout of the Coastal Plain), to approximately 19 km west of the present shelf edge. Farther seaward on line 1003, the sequences are not clearly imaged. In order to account for the loading effects from changes in sequence thicknesses beyond the profile, we approximated the stratigraphy farther seaward. We extended horizons to the position of the shelf edge, then linearly tapered the thicknesses to zero at the position of the Eocene outcrop on the middle continental slope. For the continental rise, we linearly increased the sediment thickness to the values at the shelf edge. The effect of the taper is to shallow the depths by decreasing the sediment load in the continental rise. The amount is 30-100 m at the seaward end of the profile and decreases rapidly landward. Errors due to inaccuracies in this approximation would only be a fraction of the correction and thus do not affect the conclusions of this study.
Reconstructions for eight of the time intervals (Fig. 6 ) illustrate the progradation of the OligoMiocene sequences over the initial Eocene shelf surface. Several overall features are apparent. At the landward end, truncation of the Cretaceous section is evident. Previously the Cretaceous extended farther landward. The effect of restoring this eroded section would be to slightly deepen the landward part of the reconstruction. At the seaward end of the profiles, the Great Stone Dome, an Early Cretaceous intrusion, is centered near kilometer 175 (Fig. 4) . Compactional drape of the horizons is evident in the profile and present depth section (Figs. 2 and 4) . This stratal distortion is subdued to absent in the reconstructioned paleobathymetry, indicating the success of the compaction estimates.
The slight dip in the bathymetry at the present shoreline (km 75) for the first few reconstructions is an artifact of patching together the two offset sections of the profile (Fig. 1) . The Lower Miocene and Oligocene strata are thicker on the coastal-plain section than on line 1003. This is due to an overall increase in thickness along-strike to the south, and the geometry of the initial Oligocene progradation, which apparently progressed north to south (Pekar and Miller, 1996) .
The first reconstruction (Fig. 6A) is for the o1 surface, equivalent to δ 18 O-event Oi1, the glacioeustatic event near the base of the Oligocene ( Fig. 3; Miller et al., 1996) . Overall, the restoration shows a relatively flat, seaward-dipping ramp. The predicted paleo-depth for the Island Beach borehole is 96 m, in agreement with the paleontological estimate of 80-100 m (Pekar and Miller, 1996) . The shoreline was considerably landward of its present location. The gradient of the shelf at that time was about 0.1-0.2º, or 1 : 300 to 1 : 500. This is three to five times steeper than at present.
The next reconstruction (Fig. 6B ), for m6, shows a clear sigmoid shape on the profile. Several similar, small clinoforms are also present within the Oligocene section between o1 and m6 surfaces (S. Pekar, pers. commun., 1998) . The height of the m6 clinoform, and the similar one for the next time slice, m5.6, are 22 and 46 m, respectively. The rollovers of these clinoforms are reconstructed at water depths of 105-127 m, although there is some distortion in this part of the profile. It is possible that these clinoforms correspond to shorefaces from the maximum lowstand of sea level, although we consider it unlikely. The upper part of the m6 sequence in the Island Beach borehole, at the present shoreline position, has been removed by erosion. However, the preserved transgressive systems tract in the borehole, nearly 40 km landward of the m6 clinoform imaged on line 1003, is composed of glauconitic inner neritic sands. Thus, for the m6 clinoform to be a preserved shoreface, the sea-level fall would have had to shift the shoreline from a position considerably landward of the Island Beach borehole to the position of the preserved clinoform.
The next two reconstructions (Fig. 6C,D) , for m5.4 and m5, show the continued growth of the clinoforms and sediment progradation across the older ramp margin. The tops of these and the intervening clinoforms are reconstructed as water depths of 60-80 m. However, the heights of these clinoforms are greater, 116-131 m. The dimensions of these and subsequent clinoforms are clearly much larger than shorefaces. Rather, they suggest a new and flatter continental shelf that was built over the older ramp margin. The clinoform front would then correspond to the position of the new shelf edge as the modern continental shelf developed. Indeed, the gradients across the top of these and the other clinoforms in the reconstructions are similar to the gradient of the present continental shelf.
During the following sequence, m4, (Fig. 6E) , the margin prograded rapidly. The rollover position advanced by 33 km. A prominent downlap surface (DLS) within this sequence is visible on the seismic line (Fig. 2) . The clinoform that developed was higher and steeper than its predecessors. It was over 250 m high, with a dip >2.5º on its front slope. The rollover of the clinoform, however, remained at a similar depth, 90 m. The strata beneath the clinoform were distorted into a syncline as a result of compaction (Reynolds et al., 1991) , which is particularly evident in this time interval. Subsequent progradation depressed the strata seaward of the syncline, straightening the strata and rolling the syncline forward. This rolling syncline effect is a transient that is present in all of the reconstructions.
Following the major seaward shift associated with m4, the margin continued to prograde (Fig. 6F) . The clinoform remained high and steep. Then, for m2.5 reconstruction, the gradient of the clinoform front decreased (Fig. 6G) . The rollover remained in the same location and did not migrate, whereas most of the sediment was deposited seaward of the clinoform rollover. Poulsen et al. (1996) mapped the spatial configuration of the clinoforms in this part of the Ewing 9009 survey. Although both earlier and later sequences exhibit a linear clinoform front (see Fig. 1 ), this surface, m2.5, exhibits a local threedimensional configuration of the clinoform near line 1003. We are not certain whether this could fully account for the observed clinoform shape.
By the time of the next sequence, m2.3 (Fig. 6H) , the clinoform front resumed its earlier shape. This sequence was again one in which the progradation was large and a prominent DLS is observed. The progradation continued across the margin, but the clinoforms are cut off by the end of the profile. Ex- amination of the grid of seismic lines shows that the pattern of sediment progradation across the old ramp margin continued, with occasional deviations from linearity ( Fig. 1) . At the present time, the progradation has filled all of the available accommodation above the old Eocene ramp margin. The deep shelf edge of this margin lies beneath the present continental slope. Eocene strata still crop out on the lower continental slope. As the space on the shelf filled, an increasing proportion of the sediment supply bypassed the shelf to create the present large depocenter on the continental rise. Mountain and Tucholke (1985) concluded that a considerable amount of Neogene sediment on the continental rise began to be deposited by 12 Ma.
Discussion
On the largest scale, the continental shelf reconstructions document a transformation from a ramp (Fig. 6A) , with a shelf edge of at least 500 m water depth (Farre, 1985; Steckler et al., 1988 Steckler et al., , 1993 , to the present, flatter shelf with a well-defined shelf break at ¾130 m water depth. This transformation was caused by the progradation of siliciclastic sediments in the form of clinoforms across the shelf. The increased sediment supply represented by these clinoforms filled the available accommodation space. In the warm climate of the early Eocene, sedimentation at the New Jersey margin was predominantly pelagic carbonate and the terrigenous sediment flux was low (Miller et al., 1997) . Backstripping and paleoecological analyses (Steckler et al., 1988 (Steckler et al., , 1996a Katz and Miller, 1996) show deepening of the shelf, as the sedimentation rate did not keep up with the modest thermal subsidence. As the climate cooled through the Eocene, the region of the modern coastal plain witnessed a changeover to terrigenous sedimentation. As a response to a major phase of Antarctic glaciation in the earliest Oligocene (Oi1 event), the New Jersey climate cooled , and the carbonate sedimentation shut down in an episode termed the 'siliciclastic switch' .
Starting in the Oligocene and accelerating during the Miocene, an increased terrigenous sediment flux led to the progradation across the continental shelf. Sediment starvation seen in the onshore wells at the 'siliciclastic switch' was followed by shallowing as clastic sediment deposition increased. Using the line-1003 profile, we estimated sediment supply both as the mass of sediment between surfaces and the decompacted sediment volume. The sediment supply that is recorded on the profile (Fig. 3) increased from 1.5 m 2 =y in the Paleogene sequences to ¾5 m 2 =y in the Lower Miocene (m6-m5). The sediment supply increased rapidly from 8 to 17 m 2 =y in the next set of sequences (m4-m2.5) and then jumped to ¾33 m 2 =y for the youngest sequences reconstructed (m2.3-m2.2). This dramatic increase in sediment supply (occurring soon after m4 time) coincides with the major Middle Miocene δ 18 O increase represented by Mi3 and Mi4 (Fig. 3) . These sediment supply increases are minimum estimates, because an increasing proportion of sediment would have been deposited seaward of the profile end. The progradation rate also increased from ¾3 km=Ma in the Early Miocene (m6-m5) to ¾16 km=Ma in the Middle Miocene (m4-m2.2). The increased sediment supply and progradation rate improves the ability to discern smaller-scale sequences beneath the shelf. While the older sequence boundaries average ¾1.5 m.y. apart, the average time interval between mapped surfaces in the younger part of the section is only a few hundred thousand years.
The times of changes in the sediment supply also correspond to a larger-scale cyclicity in the progradation. This cyclicity is apparent in the positions of the clinoform rollovers mapped by Greenlee and Moore (1988) and in the reconstructions of Steckler et al. (1993) farther south. Miller and Mountain (1994) showed three Miocene suites of cycles that they designate as lower, middle and upper Neogene in age. The packages are separated by seaward shifts in the rollovers of 33 and 18 km and the development of prominent downlap surfaces. Sediment supply changes are also apparent on the upper continental slope. A one-dimensional reconstruction of the Leg 150 boreholes (Steckler et al., 1996a) shows deepening of the paleowater depths until 15-16 Ma (m5-m4 interval), followed by shallowing. Katz and Miller (1996) document a dramatic increase in terrigenous sediment input and transported shallow benthic foraminifers to the continental slope. This started at ¾13.5 Ma (m3), coeval with the increase in preserved sediment volume on the profile. The first turbidite fill in submarine canyons is only slightly younger than m3 (¾13.4-13.0 Ma) . These observations indicate sediment spillover as the clinoforms progressed across the shelf.
As the sediments prograded, the clinoform heights increased, as shown in a close-up of the stacked series of bathymetric reconstructions (Fig. 7) . While the oldest clinoforms in the reconstructions were only 22-46 m high, younger clinoforms were 175-257 m in amplitude. This is a natural consequence of the outbuilding of the sedimentary deposits across a seaward-dipping ramp. The tops of the clinoforms were at about 60-130 m water depth, similar to present-day shelf-edges and subaqueous deltas (Kuehl et al., 1986; Kuehl et al., 1989; Wright et al., 1990; Nittrouer and Kuehl, 1995; Nittrouer et al., 1996) . The bases of the clinoforms were the sloping Eocene ramp. Thus, the height of the clinoforms is strongly correlated with the amount of progradation .r 2 D 0:82/. Sediments transported seaward of the clinoform front help to raise the level of the ramp, limiting the height of the clinoforms. For most of the sequences, these deposits significantly raise the ramp only for the first 10-25 km at the toe of the clinoform.
The steepness of the front face of the clinoforms increases with their height. The dip of the upper slope of the clinoform fronts increase from ¾1º to ¾2.7º as the sediments prograde. Neglecting m2.5, when the clinoform may have been oblique to the seismic profile, the correlation coefficient between the height and dip angle is r 2 D 0:79. We estimate the uncertainty on the dip of the reconstructed clinoforms as ¾1=3º. Numerical experiments on the progradation of clinoforms predict that the dip angle should increase with clinoform height (Ross et al., 1994; Pirmez et al., 1998) . This is because a steeper angle is required to transport the greater amount of sediment required to prograde a higher clinoform.
The reconstructions all show clinoform rollovers at water depths >60 m. We suggest that these clinoforms represent the progradation of a new continental shelf on top of the older ramp. The clinoform breaks were the shelf edges of this new shelf. The morphology of the clinoforms, with a gently dipping topset and steep foreset is similar to modern clastic continental shelves. This new shallower continental shelf fills in the available accommodation above the carbonate ramp that developed during the warm, early Tertiary 'greenhouse' climate. The switch to predominantly terrigenous sedimentation, which eventually built the new shelf, corresponds with earliest Oligocene glaciation and the progressive development of the 'icehouse' climate (Miller et al., 1991) .
Previous studies (Poag and Sevon, 1989; Pazzaglia, 1993; Pazzaglia and Brandon, 1994) have noted the large Miocene sediment flux in this area and favored a tectonic rather than climatic explanation for the increased flux. We note that a major phase of Antarctic ice development in the earliest Oligocene (Miller et al., 1991) correlates with a cooling at the New Jersey margin , which resulted in the shutdown of the pelagic carbonate sedimentation . The margin was starved until about 27 Ma, when coarse siliciclastic input began (Miller et al., 1997) . Accumulation rates increased further in the Middle Miocene (Poag and Sevon, 1989; Mountain et al., 1994) , about the time the permanent Antarctic ice sheet developed (Shackleton and Kennett, 1975; Miller et al., 1991) . The latter climatic event may have resulted in the increased sediment supply recorded on line 1003, as well as changes in the tempo of glacioeustatic change. Thus, Fig. 8 . Simulation of continental-margin stratigraphy showing an example of progradation of several sequences across a pre-existing ramp. The model is driven with a falling sea level combined with a 30-m-amplitude sinusoidal variation. Timelines are drawn every 100,000 years. The shoreline positions are located between 30 and 80 km. The bottom shows a time stratigraphic diagram in which preserved sediments are black, sediments that were deposited and subsequently eroded are gray, and non-depositional hiatuses are white. The diamonds and rectangles indicate the positions of the shoreline and clinoform rollover, respectively. The applied sea-level curve is shown at the left.
we conclude that climate had a major influence of sediment flux and sequence development on the New Jersey margin.
We performed reconstructions on the mapped sequence boundaries; the results, therefore, represent water depths at various times. It is likely that transgressive erosion has cut into the sequence boundary, yielding an overestimate of depth. We consider this likely on the more landward part of the topset surfaces, but not a major problem at the rollover. Oxygen isotopic studies suggest that glacioeustatic sea-level falls in the Miocene were about 30-50 m in amplitude or perhaps slightly more (Miller et al., 1991) . Water depths for the lower Miocene sediments (preserved in the Island Beach well) reached 10-20 m during the maximum flooding. Depths shallowed to nonmarine in the strata immediately below the sequence boundary. Even if the sequence boundaries formed early in the sea-level fall, the shoreline would not reach the clinoform rollover. Sea-level falls of at least 90-120 m would be required to expose the shelf edges at water depths of 80-100 m. In order for the onlap over the clinoform front to be coastal, the sea-level falls would have been significantly greater.
We do not consider it necessary for a sea-level fall to expose the entire shelf (i.e., to the shelf edge) in order to create a type 1 sequence boundary. During a sea-level fall, erosion of the shelf and transport of sediments over the shelf break can occur without the shoreline reaching the shelf edge. Fig. 8 shows a numerical simulation (Steckler et al., 1996b) of the progradation across a previous ramp margin modulated by a 30-m sea-level cycle. The simulation shows an increase in clinoform amplitude during progradation, similar to the results from the New Jersey margin. The chronostratigraphic diagram indicates that, during the sea-level falls, the shallowing of the shelf creates a marine surface of regressive erosion (Nummedal et al., 1993) . Corresponding with this hiatus, the sediments from land and those eroded from the shelf are transported past the shelf edge. We consider this to be the case on the New Jersey margin. Estimates for the amount of sealevel change based on the assumption that the onlap over the clinoform front is coastal (e.g., Moore et al., 1987; , must be considered unreliable.
Conclusions
We have reconstructed the Eocene to Middle Miocene paleobathymetry and stratigraphy of the New Jersey margin by backstripping. The reconstructions reveal details of the change in margin morphology from a carbonate ramp in the Eocene to a flatter shelf-break margin at present. The ramp margin dipped seaward at ¾0.1-2º, three to five times the dip of the present shelf. The Miocene saw a 20-fold increase in the terrigenous sediment supply, which caused the progradation of prominent clinoforms across the margin. We link the increase in sediment flux to global climatic change, rather than local tectonics. The sediments prograded across the margin building clinoforms, punctuated by sea-level fluctuations, and creating a new shallower, flatter shelf on top of the earlier ramp. The clinoform surfaces are bundled into three large-scale cycles, each of which includes several sequences, and indicates a larger-scale depositional pattern on the New Jersey margin. The steepness and height of the clinoforms increased as they prograded onto the deeper parts of the ramp. This is primarily due to the increased sediment supply from the Eocene to Middle Miocene, and the seaward-dipping ramp morphology of the earlier shelf.
The clinoform rollovers on the New Jersey margin represent the edge of the new continental shelf. The shelf breaks average about 100-m water depth. Sea-level fall was probably insufficient to drive the shoreline past the shelf break. Exposure of the entire shelf and shelf edge are not required to generate type 1 sequence boundaries. Modeling suggests that lowering of sea level and reduction of shelf water depths are sufficient to cause bypassing and erosion of the shelf, and to supply the sediment for lowstand fans. Thus, measurements of sea-level amplitude derived from presumed coastal onlap over the clinoforms are not reliable.
